Aims: Various epidemiological designs have been applied to investigate the causes and consequences of fetal growth restriction in register-based observational studies. This review seeks to provide an overview of several conventional designs, including cohort, case-control and more recently applied non-conventional designs such as family-based designs. We also discuss some practical points regarding the application and interpretation of family-based designs. Methods: Definitions of each design, the study population, the exposure and the outcome measures are briefly summarised. Examples of study designs are taken from the field of low birth-weight research for illustrative purposes. Also examined are relative advantages and disadvantages of each design in terms of assumptions, potential selection and information bias, confounding and generalisability. Kinship data linkage, statistical models and result interpretation are discussed specific to family-based designs. Results: When all information is retrieved from registers, there is no evident preference of the case-control design over the cohort design to estimate odds ratios. All conventional designs included in the review are prone to bias, particularly due to residual confounding. Family-based designs are able to reduce such bias and strengthen causal inference. In the field of low birthweight research, family-based designs have been able to confirm a negative association not confounded by genetic or shared environmental factors between low birth weight and the risk of asthma. Conclusions: We conclude that there is a broader need for family-based design in observational research as evidenced by the meaningful contributions to the understanding of the potential causal association between low birth weight and subsequent outcomes.
Introduction
An increasing number of register-based epidemiological studies published in recent years have tried to identify the causes and consequences of fetal growth restriction/low birth weight (LBW). Randomised clinical trials are generally more reliable than observational studies. However, they are not feasible to apply on such questions. 1 Meanwhile, information bias as well as confounding makes it difficult to infer causal relationships from epidemiological evidence. 2 For example, the role of LBW on cognitive and behavioural development in children has been studied with inconsistent findings. [3] [4] [5] Many questions remain such as whether shared genetic components influence both fetal growth and cognitive ability in the parent-offspring pair, whether environmental influences such as socio-economic status (SES) hamper both fetal growth and cognitive development or whether other environmental factors such as maternal and fetal nutrition are playing a role. 6, 7 Although known confounding factors can be adjusted for in statistical regression models, it does not solve all issues regarding confounding. 8 First, a standard regression model can only adjust for those covariates/confounders that have been measured. Second, measurement errors in confounding variables can lead to residual confounding, even after adjustment. 9 Third, certain assumptions regarding the relationships and effects of confounding variables based on a priori knowledge are required before modelling 10 and therefore introduce a degree of subjectivity to the analysis.
In this review, we will use examples taken from fetal growth restriction research to highlight the relative advantages and disadvantages of several conventional epidemiological designs, including cohort and case-control designs and more recently applied nonconventional designs such as family-based designs comparing twins, siblings and cousins. We will also discuss some practical points regarding the application and interpretation of family-based designs.
cohort design

Summary
A cohort study follows a sample from a well-defined source population and measures exposures, covariates and multiple outcomes of interest over time. The design can provide various useful estimates such as disease prevalence, incidence and rate ratios. Depending on the research question, the exposure could be temporal or chronic, and the study population could be either closed or open. In the Nordic countries, a national or regional birth registry can be used to generate a cohort of all births in a certain time period. For example, the Swedish Medical Birth Register (MBR) has been recording all pregnancies and births in Sweden (≥97%) for more than 40 years. 11 The follow-up of individuals is carried out by linkage with registers such as the Cause of Death Register as well as the immigration and emigration records. The exposure and outcome assessments are made by linking to registers such as the National Patient Register (NPR), the Swedish Prescribed Drug Register (SPDR) and the MBR. With the use of Personal Identification Numbers (PIN), the Total Population Register (TPR) and the Multi-Generation Register (MGR), researchers in the Nordic countries can include the entire country's residents without specific sampling (e.g. random-digit dialling) or recruitment methods from the population. Using entire populations minimises selection bias and maximises external validity of registry cohort studies.
For example, three recent cohort studies used population-based samples from registers in Norway and Sweden with detailed residential information during pregnancy and modelled NO x /NO 2 levels to show variable effects of air pollutants on birth weight. [12] [13] [14] Based on crude model estimates, exposure to NO x during pregnancy was associated with lower birth weight, [12] [13] [14] which was similar to previous findings in the USA and South Korea. [15] [16] [17] However, the association was attenuated in several adjusted models. [12] [13] [14] Panasevich et al. and Madsen et al. showed that either the residential area or the combination of parity, residential mobility and maternal weight as proxies for unmeasured socio-economic or lifestyle-related factors may have confounded the associations observed in previous studies and crude analyses. 13, 14 Therefore, we propose that careful consideration of measured and unmeasured/residual confounders is still needed in order to improve our understanding of the association between air pollution and birth weight.
Advantages and disadvantages
An intuitive appeal of the cohort design is the temporal sequence from various sources of exposure to a range of outcomes of interest. However, there are also limitations with such designs. First, all studies in the above example tended to exclude multiple births instead of allowing for assessment of subgroup differences, 12-14 which may limit the generalisability of the findings. This is not an uncommon practice in register cohort designs. Second, register data allow for adjustment on some confounding variables but not all. For example, SES measures, including income, education, occupations and country of birth, could be controlled for using data from the longitudinal integration database for health insurance and labourmarket studies (LISA) and the TPR in Sweden. However, despite many cohort studies having access to longitudinal measures for covariates such as SES, they often make the assumption that these variables are static over the life course or at a residential area level. Finally, residual effects of SES cannot be ruled out, as many lifestyle-related factors (e.g. diet and physical activity) are unmeasured in the registers. Therefore, despite best efforts, confounding is most likely an important explanation of the inconsistencies in previous findings. 8, 18 
case-control design
Summary
A case-control design is often used to investigate if one or more exposures are associated with one specific outcome. Cases and controls can stem from a cohort with fixed membership or from a dynamic population, with no reference to a specific cohort. 19 Cases are defined by the occurrence of an outcome from the source population, which does not necessarily have to be rare. Controls are defined as being disease free at the time of case ascertainment. Both cases and controls should be chosen irrespective of the status of the exposure and should represent the person-time at risk. 20 In a dynamic population, it does not matter much when controls are sampled (e.g. sampling at the beginning, middle or end of the study period, or each time a case occurs) as long as the exposure distribution is relatively steady and the controls still represent the average proportion of person-time during the risk period. 21 Most of these sampling strategies can also be applied when selecting controls from a cohort with fixed membership, but with some additional considerations, as reviewed by Vandenbroucke et al. and outlined briefly below. 19 Sampling controls at the end of the cohort follow-up was for a long time probably the most common sampling strategy, although this method can only be used for rare diseases in order to obtain a comparable effect measurement of the relative risk of the underlying cohort. 22 Sampling controls at the beginning of follow-up (sometimes referred as case-cohort design) is another option, provided that few are lost to follow-up. 23 Probably the best option of these strategies is density sampling, that is, sampling controls at the time each case occurs. This design is sometimes referred as nested case-control design, although this term is also used to denote all types of case-control studies within cohorts. The estimated odds ratio in the third sampling option can approximate the incidence rate ratio of cohort studies, regardless of disease prevalence, and is less affected by bias from loss to follow-up. 19 Another important issue for case-control studies is that exposure measures often suffer from recall bias, as the exposure information is recorded retrospectively. However, such bias can be largely avoided if register data are used as the source of exposure information. Furthermore, just as in cohort studies, confounding can be a challenge for case-control studies. Matching of cases and controls and adjustment for potential confounders are two common methods to gain efficiency and reduce bias due to confounding, respectively. 24 To highlight the issues mentioned above in casecontrol studies, an example is as follows. In order to study the association between birth weight and subsequent celiac disease (CD), 11,749 children with CD were identified as cases in a Swedish case-control study, and 53,887 children without CD from the dynamic population were identified as controls. Controls were matched to cases each time a case occurred based on age of diagnosis, sex, calendar period and county. The MBR provided birth-weight data, and the biopsy register provided the CD case ascertainment. 25 This study did not observe a difference in CD risk by birth weight, 25 while a later registry-based cohort study did find a decreased CD risk in children born with very LBW. 26 Authors of the later cohort study were concerned about residual confounding, especially due to maternal CD, which the case-control study had been able to adjust for and which was indeed the explanation of the null finding.
Advantages and disadvantages
If all information is retrieved from registers, there is no evident preference of the case-control design over the cohort design to estimate odds ratios. When information on exposure or outcome is collected through other sources, the case-control design can be a costefficient choice. However, there is also a potential issue with unbalanced use of case and control information from biobanks, as they are not endless resources. Carefully designed case-control studies can maintain equivalent statistical power as a cohort study by analysing a smaller sample instead of the full cohort. 27 However, absolute risks cannot be estimated because the case-control sampling strategy distorts the outcome prevalence in the sample. Furthermore, the design becomes less efficient when the exposure is rare, as larger samples will be required. Issues with unmeasured confounding in case-control studies are similar to those in cohort studies and can also affect the validity of the findings.
Family-based design
Summary
The family-based design uses populations who share certain genetic and environmental characteristics in order to reduce the potential bias due to residual confounding. Twins share 100% (monozygotic) and 50% (dizygotic) of genes and early-life environment. Siblings and half-siblings share 50% and 25%, respectively, of the segregating genes and some common environment. Cousins or half-cousins share 12.5% and 6.25%, respectively, of genes along with some environment. All designs mentioned above can be used to analyse family members. Cases are defined as individuals with outcome of interest; controls are selected from cases' extended family members who are still at risk of developing the outcome when cases are ascertained. By comparing individuals within the same nuclear and extended family with discordant exposures and outcomes, familylevel genetic and environmental factors are kept constant, which therefore minimises the effect of unmeasured confounders. Consider the association between LBW and childhood asthma as an example.
One popular explanation for this pattern is that fetal growth has lasting implications on the risk of asthma in later life. 28 However, there are also several alternative explanations. Children born with LBW are likely to be born to younger mothers or in families with lower SES or be exposed prenatally to tobacco smoke, all of which could possibly confound the association with asthma. 29, 30 Furthermore, one could not rule out the possible role of a genetic predispositions for LBW and asthma. 31 The question here is how a family-based design would add to the current understanding of the association of LBW and asthma. When comparing siblings within the same family, we can address the potential bias due to shared familial factors (genes and early life environment) but not the unshared factors such as intrauterine environment, or other factors that might not be stable over time such as maternal age and mode of delivery. Within-twin pairs, there would be an even better comparison in this example, as some potential confounding due to differing intrauterine environments could be minimised. [32] [33] [34] 
Advantages and disadvantages
Overall, family-based designs have the distinct advantage over conventional observational studies of enhancing the internal validity of studies when information on confounders is limited, strengthening conclusions regarding the potential causal association. This is particularly applicable to register designs where the population is large enough to include siblings and cousins but detailed information on potential confounders is not always available.
However, it is also important to highlight some limitations. First, family-based designs are only feasible for family members who are discordant for the exposure of interest. This exposure discordance may lead to (1) a more sensitive risk estimation due to the random measurement error of the exposure, (2) amplification of bias due to the unmeasured non-shared confounding and/or (3) a reduction in power. 35 Second, the carry-over effect, that is, the status of the exposure or the outcome on one family member affecting others' exposure or outcome status within the family, may be present. Standard analyses (e.g. models based on conditional maximum likelihood methods) of family-related data assume that carryover effects are absent, and may thus give biased estimates if carry-over effects are present. 36 Third, the observed effect within the family may be causal, but may also be limited to a smaller population with genetic relatedness. Therefore, we may encounter generalisability issues. Fourth, it is worth mentioning that conditional analyses involve adjustment for shared familial confounding and mediating factors. Although the adjustment of mediators does not lead to any biased results, the estimates should be interpreted as the direct causal effect from exposure to outcome. 37
Applying family-based design in birthweight research
The extensive registers in the Nordic countries have offered us the opportunity to access large and complete kinship data to use in family-based studies. We will now highlight some practical points which are relevant to the application and interpretation of family-based studies.
Kinship identification
The TPR and the MGR are unique resources for epidemiological researchers and have made it possible to link index persons to their relatives of different degrees of genetic relatedness. 38 For children born in Sweden in 1961 or later, the coverage of MGR is excellent, with 100% information on biological mothers and 98% information on biological fathers. 38 The earliest date of available information on the parent-offspring relationship is 1932, 38 which means that three to four generations are available for many families. For example, one can link an individual (index person) born in 2000 (using the person's encrypted PIN) to his/her biological mother and father and identify his/her full and half-siblings from the MGR. Furthermore, the mother's and the father's encrypted PINs can then be linked to their biological parents (i.e. the index person's maternal and paternal grandparents) to identify the mother's and father's full and half-siblings (i.e. index person's maternal and paternal full and half uncles and aunts, cousins and half-cousins). This allows for a range of genetically informed associations to be compared. Of course, index people born in Sweden with foreign-born parents or those who are adopted would have less kinship information than those born with Swedish-born parents. 38 Additionally, misclassification due to false paternity may dilute the observed association. 39 
Statistical models used to analyse genetically related samples
Conditional logistic regression and stratified Cox regression models are commonly used to estimate the exposure-outcome association when comparing genetically related samples. Both models can obtain incidence rate ratio estimates based on the maximum conditional likelihood and allow the unmeasured confounding factors at a family level to be adjusted for instead of directly estimating their effects. 40 As a generalisation of the conditional logistic regression model, the stratified Cox regression model holds fewer assumptions regarding the baseline hazard of the family-level effect. The procedures are available in most statistical packages, including SAS (proc logistic or proc phreg with strata statement), Stata (clogit or stcox with strata option) and R (clogit or coxph with strata term).
Result interpretation
Observing consistent exposure-outcome associations from genetically related samples at different genetic relatedness can strengthen causal inference. Additionally, the more genetic similarity the samples have, the more shared genetic and environmental confounding factors will be adjusted for, increasing confidence in the causal association. 35, 41 For example, observed associations in dizygotic but not monozygotic twins indicate the presence of genetic confounding, including passive gene-environment correlations. Associations seen within-sibling but not within-twin pair comparisons indicate confounding by the intrauterine environment. 32, 42 If we now return to the example of birth weight and asthma again, in using Danish and Swedish twins, both authors concluded that the association between LBW and asthma is independent of genetic and shared environmental factors, supporting the fetal origin of disease hypothesis. 33, 34 conclusion Given the limitations of conventional epidemiological design, particularly regarding the potential for residual confounding, studies using family-based epidemiological designs based on register data are needed to provide more definite answers on the causes and consequences of fetal growth restriction and other public-health concerns. Family-based designs will make meaningful contributions to the understanding of disease aetiology and clinical implications, and provide a tool to explore further the potential causal association for many health concerns using unique register-based data.
